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Abstract 
Since consumption of pork contaminated with Salmonella is an important source of human 
Salmonellosis in Belgium, policy makers implement the identification of the 10% 
most Salmonella problematic pig herds. These herds are then encouraged to take control 
measures to reduce the Salmonella infection burden. To identify high risk herds, serological data 
were collected, reported as Sample to Positive ratios (SP-ratios). 
Objectives of the current study are to identify the 10% highest risk herds and to investigate risk 
factors associated with high Sa/monel/a prevalence. We propose to identify risk herds using semi-
parametric quantile regression. The risk factor analysis is conducted using Generalized Linear 
Mixed Models. Finally, practical rules to identify risk farms are deduced. 
Introduction 
Salmonellosis is a disease affecting most livestock production worldwide. Nowadays national 
Salmonella surveillance programmes are implemented and encouraged within the European 
Union. The Belgian Federal Agency for the Safety of Food Chain (FASFC) started with a national 
Salmonella surveillance programme in pig herds. The surveillance programme started in January 
2005 and consists of the collection of serological data to classify pig herds in Salmonella high risk 
herds. Then, these high risk herds are encouraged to take part in the surveillance programme. In 
this programme, high risk herds are (financially) supported to implement control measures. 
Because of financial and practical constraints, the Belgian government decided that only 10% of 
the Belgian pig herds can participate in the surveillance programme. The identification of the 10% 
high risk herds is currently based on a mean SP-ralio which is calculated for each herd during 
consecutive sampling rounds. However, SP-ratios are heavily (positively) skewed. Therefore, least 
squares based measures and methods are not appropriate and the sample mean does not provide 
a good summary of the data. 
As an alternative, we propose to select the 1 0% high risk farms based on the number of 
animals in that herd for which very high SP-ratios are observed. Very high SP-ratios are then 
defined as SP-ratios above a specific upper quantile. An additional complication is the presence of 
confounding factors such as seasonal effects with higher expected SP-ratios throughout the 
summer months and animal age with the older the animal, the higher the expected SP-ratio. To 
deal with all these issues, conditional quantile curves of animal SP-ratios are estimated while 
accounting for confounding seasonal and animal age effects. However, it is not easy to model 
seasonal effects and most parametric models do not provide a good fit. Therefore seasonal effects 
are modelled 1n a Oexible way using P-splines (Eilers & Marx, 1996). P-splines belong to the family 
of non-parametric models that provide a data driven and smooth fit to the data. 
Finally, since high risk farms are encouraged to implement control measures, a Salmonella risk 
factor analysis is conducted. To this end, the serological data are linked with data from a survey on 
bJosecurity in Belgian pig herds conducted in 2005 (Ribbens et al, 2006). The risk factor analysis 
is conducted using Generalized Linear Mixed Models (Molenberghs & Verbeke, 2005). The use of 
mixed models is motivated by the presence of clustering in the data due to the sub-sampling of 
animals within herds. 
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Material and methods 
Serological data from the Salmonella surveillance programme (FASFC) are used. Within this 
programme, blood samples are taken and analysed using an indirect ELISA. The results are 
reported as SP-ratios. Every herd is monitored 3 to 4 times a year. Each time, 10 or 12 samples 
from p1gs of different weight categories are collected (within the frame of the eradication 
programme of Aujeszky disease). For every blood sample taken, the herd identification number, 
an1mal estimated weight (<40kg, 40-59kg, 60-80kg and >80kg) and sampling time are recorded . 
The serological data are linked to data from a survey on biosecurity (Ribbens et al, 2005) by herd 
identification number (Sanitel) . The objective of the survey was to describe the degree of 
measures taken in Belgian pig herds to minimize the risk of introducing infectious agents into herds 
(external biosecurity measures) and of spreading an infectious agent within herds once it has been 
introduced (internal biosecurity measures). The combined dataset contains data on 314 pig herds. 
In total , 13649 serological observations sampled from January 2005 to July 2006 are retained for 
analysis. 
The 10% high risk farms are identified based on the number of animals in that herd for wh1ch 
very high SP-ratios are observed (also called risk animals). It is natural to define very high SP-
ratios by means of quantiles. To account for confounding seasonal and animal age effects , 
quantile curves of animal SP-ratios are estimated as a function of time and animal weight (proxy 
for animal age). In particular, the following semi-parametric model is used to estimate the a x 
100% quantile of animal SP-ratio for animal 'i' in function of sampling time and animal weight 
S0 , = h(time) , + ](weight) , 
with h being a smooth P-splines function and I an indicator matrix. As such, seasonal effects are 
modelled in a very flexible way whereas the effect of age is assumed to be additive. Risk animals 
are defined as animals for which the observed SP-ratio is higher than the corresponding ax 100% 
quantile or 
R -{ ' iJS0 , >S0 , I} -
' 0 otherwi e. 
Then, high risk herds are defined as herds 'k' having a large proportion of risk animals or 
I "• 
Pot = - 'I.Ro, 
114 .~1 
However, proportions do not take the total number of observations nk into account nor the 
correlated nature of the data due to the subsampling of animals within herds. As an altemat1ve, 
beta-binomial p-values can be calculated. Under the null hypothesis that high levels of SP-ratios 
are equally likely in all herds, the number of risk animals Y0 A is beta-binomially distributed and the 
p-value corresponding to the alternative hypothesis that high levels of SP-ratios are more likely in 
herd 'k' compared to the other herds equals 
P1u = P{Yo.t ~ Yo! IYu - BB (n.t ,1- O,p)} 
with p being the intra-herd correlation coefficient under the null hypotheSIS. 
A risk factor analysis using Generalized Linear Mixed Models 1s conducted with the number of 
risk animals 1n the herd bemg the response variable of interest. Random mtercepts are mcluded in 
the model to account for clustering due to subsampling of an1mals withm herds. In total , 20 
potential risk factors com1ng from a study on biosecurity (Ribbens et al, 2006) are investigated 
using forward selection. 
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Results 
A conservative cho1ce IS made to define risk animals by choos1ng 8 = 0.90. These 90% quant1le 
curves of animal SP-ratios in function of sampling time and animal weight are graphically 
represented 1n F1gure 1. By means of comparison, the conditional median funct1ons are given as 
well. Clearly, strong seasonal effects are observed with higher expected values of SP-ratios during 
the summer months. Furthermore, weight (age) effects are observed as well. Except for the 
we1ght categories 40-59kg and 60-79kg, for which the 90 % quantile curves are identical, higher 
SP-ratios are observed for higher weight categories. The proportion nsk animals as well as the 
corresponding beta-binomial p-values are displayed in Figure 2. In this figure, herds are ordered 
following 1ncreasmg proportion of nsk ammals. Clearly, large differences 1n proportion risk animals 
between herds ex1st w1th a large number of herds having a proportion of zero whereas for one herd 
the proportion equals one. Similarly, large differences between herds can be observed when 
lookmg at the beta-binomial p-values. Selection of exactly 10% most problematic p1g herds 
corresponds to select1ng herds w1th a proportion risk animals > 0.30 or with beta-b1nomial p-values 
< 0.0005. 
Based on the est1mated quantile curves. practical identification rules can be deduced. For 
each month by we1ght category, the average estimated quantile SP-ratios are calculated. By 
means of example, the average SP-ratios for the months January and February are displayed 1n 
Table 1. Th1s can be used to identify risk animals. Then, h1gh risk herds are defined as herds 
hav1ng a proport1on risk an1mals > 0.30. 
Finally, from the risk factor analys1s it can be concluded that the number of risk animals 
increases with farm s1ze (OR 95%CI [1 :1.004]). Furthermore, nose contact between pigs from 
d1fferent pens (OR 95%CI [1 .14:3.45]) is an important risk factor whereas systematic insect control 
(OR 95%CI [0.28:0.0 7 4]) and regularly cleanmg the stables (OR 95%CI [0 13:0.0.89]) are found to 
be remedial measures. 
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Tab 1 Average est1mated quantile SP-rallos (8 = 0.90) by month and we1ght category 
< 40kg 40-79kg >80kg 
0 97 1 19 1 49 
1 01 1 23 1 52 
09 
08 
01 
06 
o• 
o• 
OJ 
02 
01 
i 
.I 
/ 
'-:/ 
~ . 
---- :.~ .. 50 100 ISO 200 2'YJ XIO 
..,... 
Fig 1 Estimated quantile curves 0.90 and 0.50 Fig 2 Proport1on nsk an1mals and beta-b1nomial p-
values per herd 
Discussion and Conclusion 
Currently, the identification of the 10% h1gh risk herds as recommended by the Belg1an 
government 1s based on a mean SP-rat1o However, SP-ratios are extremely skew implying that 
the mean does not prov1de a gooEl summary of the data Furthermore, the current approach does 
not account for confounding seasonal and ammal age effects. Therefore, we propose to identify 
high nsk herds using estimated quantile curves of SP-ratios conditional on sampling time and 
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antmal age. This method does not suffer from the afore menttoned shortcomings. However. the 
choice of upper quantiles e ts to a certain extent arbitrary. Therefore, a sensitivity analysts ts 
conducted (results not shown here), from whtch it can be concluded that 8 = 0.80, 8 = 0.90 and e = 
0 95 yteld similar results. From the risk factor analysis , it is concluded that nose contact is an 
tmportant risk factor and regularly cleantng and tnsect control are remedial measures. Finally, in 
the current study, the longitudinal aspect of the data has not been investtgated as such. Thts way, 
increasing or decreasing trends of SP-ratios could be investtgated . However, analyztng 
longttudinal data poses important new challenges for quantile regresston. 
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